Oxidational wear continues to present an economic challenge for the replacement of components subject to high temperature fretting and sliding contacts in applications such as gas turbine engines. At elevated temperatures, low friction oxide 'glaze' layers can form and act as an interface between the contact and the substrate material. Whilst desirable, the glaze is formed from wear debris and often consumes the underlying substrate material. In order to induce rapid formation of low friction oxide layers without a severe 'running-in' period, nano particles of Fe in the range 5-10nm were deposited on ground flat ended pin and plate 080M40 substrates using a terminated gas condensation PVD process, to a thickness of 600nm.
Introduction
Oxidational wear of metallic components subject to fretting and sliding contacts continues to be a major industrial problem in the automotive, aerospace and energy sectors where component failure can lead to expensive maintenance downtime. The phenomena of metallic oxidational wear has been studied at some length by Quinn [1] [2] [3] and others [4] [5] [6] , many of whom noted that the interfacial film generated during oxidative wear can, if the 2 conditions are right, be of benefit to the friction behaviour of the contact, acting as a protective intermediate tribofilm between the metallic contact surfaces. Indeed, such studies repeatedly pointed to the transition from an initially severe wear period during running-in, to a mild wear regime, based upon sliding distance, velocity and contact load.
For elevated temperature contacts, much work has been devoted to the investigation of so called compacted protective oxide layers or 'glaze' layers, which offer a low friction oxide layer of low shear strength which acts as a more desirable interfacial tribo-layer between metallic contacts [7] [8] [9] [10] [11] [12] . The critical component for the formation of a such layers is the presence of nano-scale oxide debris and hence the incubation period is a process of wear debris formation, comminution and agglomeration to form compacted regions of debris on the surface, all of which takes place during the initial severe wear running-in period [13] . Once the surrounding material has been worn away, the compacted oxide regions subsequently become load bearing, acting as an interlayer between the metallic surfaces [14, 15] . The difference between compacted oxide wear debris and 'glaze' layers is that sintering between the oxidised wear debris particles results in bonding between the particles. The wear protection offered by a 'glaze' is usually superior to a compacted oxide debris layer [16] , although both tend to offer superior friction and wear resistance compared to metal-on-metal contact [9, 12, 15] . Thus for the formation of 'glaze' layers, the rate determining step is not so much the oxidation rate of the surface or the formation of wear debris, but the activation energy for adhesion/sintering of the oxidised particles [15] . This is why higher temperatures result in the more rapid formation of 'glaze' layers after sliding has commenced [8, 15] .
One method attempted to induce the rapid formation of a beneficial oxide glaze layer was the static pre-oxidation of metallic surfaces. Whilst this has been successful at higher temperatures for Co-based coating pre-oxidised at 600°C [13] , it appeared that breakdown of the oxide layer was still necessary for the formation of a compact nanoscale protective layer. Thus a number of authors have attempted to use external oxide particle additions to the contact surface as a means to nucleate and catalyse the formation of a wear protective oxide [17] [18] [19] [20] [21] [22] .
Colombie et al [22] looked at the addition of Fe 2 O 3 and Fe 3 O 4 particles (12 and 24µm median) to steel contacts under fretting conditions. They found that addition of Fe 2 O 3 particles resulted in a smooth worn surface as a result of the compacted oxide. Mass losses were lower than identical tests carried out without particle addition. This concept was further explored by Iwabuchi and co-workers [17, 18] who looked specifically at the effect of α-Fe 2 O 3 particles on the severe-mild wear transition in S45C steel. They found that addition of these particles led to a transition in the severe to mild wear rate and that smaller particles seemed to cause a faster transition. It also appeared that using a rougher initial machined surface (4-20µm R max ) compared to a polished one (0.4µm R max ) facilitated the formation of a compacted oxide layer. This was explained as being due to the fact that a rougher surface provided more recesses for the oxide to be compacted into.
More recently, Kato [19] [20] [21] investigated the addition of nano-scale particles in the size range 20-60nm.
Concentrating on the room temperature sliding of S45C surfaces with α-Fe 2 O 3 additions, he found that it was during the severe wear period that the compacted protective oxide layer began to form and that a critical load bearing area was necessary before the severe-mild wear transition could take place, after which further oxide 3 formation was inhibited. There was a direct correlation to the severe-mild wear transition and the size of the nanoparticles which were added to the contact, with smaller particles reducing the length of the severe wear period.
Thus it appears that addition of nano scale oxide particles may play a role in reducing the severe running-in wear transition time and promote the formation of a wear protective oxide layer on metallic surfaces subject to sliding/fretting contacts at ambient and elevated temperatures. However, until now it appears that the addition of nano-particles to a tribological system to induce the severe-mild wear transition has only been as separate additions to the sliding contact area, which would be difficult to achieve in real engineering application. In the present work an attempt was made to make a homogeneous nano-particle coating of Fe on a ferrous substrate in order to facilitate the formation of a protective oxide layer at ambient and elevated temperatures. The aim was to reduce the severity of the running-in wear period and nucleate a protective oxide layer which would incorporate the tribo-products of the sliding process as an interfacial tribo-layer between the sliding metallic contact surfaces.
Experimental
Samples for flat-on-flat pin on plate wear testing were prepared from BS970 080M40 (EN8, AISI 1040 and S45C equivalents) low carbon mild steel, nominal composition shown in Table 1 and hardness 235 ± 37 MPa.
Plates 4mm thick were cut to length 58mm x 13mm and finished on the test surface with a ground finish perpendicular to the direction of sliding. Flat ended pin specimens (edge chamfered) were prepared to a diameter of 7mm and thickness of 4mm and ground to a 600 grit finish using SiC grinding paper. The respective average peak to valley heights (R z ) of the plate and pin specimens were 1.30 ± 0.29 µm and 0.76 ± 0.29 µm, measured using a Taylor Hobson diamond tip stylus with a profile length of 3 mm and a cut-off filter value of 0.8mm, corresponding to ISO 2CR standard. Deposition of Fe nano-particles on both substrate surfaces was carried out by Mantis Deposition Ltd, Thame, UK, using a terminated gas condensation PVD process. The process utilises a high-pressure sputter source to generate Fe nano-particles from within a gas condensation zone in the deposition chamber. The gas flow within the condensation zone allows the nano-particles to be directed towards the EN8 substrate. Particle diameters in the range 5-10nm were selected using a mass quadrapole prior to deposition on the substrate surface, with the total coating thickness estimated at 600nm.
Tribological testing was carried out on flat-on-flat, self-aligning contact geometry, using a Phoenix Tribology TE77 high frequency reciprocating tribometer, represented by the schematic and sketch in Figure 1 . Tests were carried out at a fix stroke length of 400µm, 31Hz test frequency (corresponding to a sliding speed of 24.8mm/s) and 40N normal load, which corresponded to an apparent contact pressure of 1.04 MPa. The stroke length was deliberately keep short in order to confine the wear particles to the contact area, with the contact pressure chosen 4 to be comparable to previous similar studies [19, 20] . A Zeiss NVision 40 dual-beam field emission gun (FEG) and focused ion beam (FIB) was using to examine and cross section areas of the contact surface from the coated pin specimens after sliding. In addition the FIB was used to make transmission electron microscopy lamella from selected areas of the worn surface, which were analysed using the STEM detector in the same machine. Finally, in-situ FIB secondary ion mass spectrometry (SIMS) depth profiling was carried out on the worn coated pin specimens using a Hiden Analytical quadrapole detector. A sputter area of 30 x 30 µm was used on each sample at a beam current of 13nA for 20 minutes. The relative depth of each depth profile was determined afterwards by measuring the depth of the sputter crater.
Results

Deposited Coatings
The as-received Fe nano-particle coated 080M40 surfaces were black in appearance. Figure 3 shows the friction coefficient recorded during sliding at room temperature. Both the uncoated and material removed from the uncoated surfaces at room temperature was a similar order of magnitude to that retained between the contact surfaces. It was also evident that most of the tribo-material retained in the contact for tests conducted on uncoated surfaces was adhered to the pin surface, rather than the plate. This can be seen in 55° tilt away from surface normal. Scanning electron microscopy of the surface of the Fe nano-particle coated pin worn at 300°C, Figure 8 a) and b), revealed that the raised volume of material on the pin surface observed in Figure 7 c) was wear debris which had been smeared into the original surface of the sample to form a tribo-layer. At higher magnification, Figure 8 b), it was clear that the Fe-nano particle coating was still present on the unworn areas of the surface, with some of the particles appearing to coalesce into larger clumps.
Room Temperature Tests
300°C Tests
The tribo-layer appeared to form on top of the nano-particulate layer, rather than in place of or below it and focused ion beam cross sections through this tribo-layer confirmed this was the case. Figure 9 a)-d) shows a number of STEM bright and dark field images of a cross section lamella prepared through the tribo-layer parallel to the sliding direction. Figure 9 b) shows the un-deformed ferrite and pearlite grain structure at the base of the image [24] and how as the surface is approached, the refinement of the grains takes place to a sub-mircon level.
The upper most surface in the image is a layer of carbon deposited during preparation of the lamella in order to protect the worn surface. Below the carbon layer appeared an intermittent white structure which was the Fe nanoparticulate layer. Further down was the deforming bulk microstructure. At higher magnification it became obvious that there was a tribo-layer at the upper surface which had formed on the nano-particle coating with what appeared considerable adhesion, i.e. no porosity and perhaps a columnar granular structure aligned perpendicular to both the sample surface and the sliding direction. Also observed was the coarsening of the nano-particles themselves, from an initial particle size observed in Figure 2 of 5-10nm to particles up to 100nm in size, although there still appeared to be a range of sizes up to this value. Closer inspection, Figure 9 b), also suggested that there was a well adhered layer of Fe nano-particles on the deformed 080M40 substrate, above which existed the coarser and slightly more porous nano-particle layer, finally followed by the surface contact tribo-layer. 
540°C Tests
Figure 10 a) shows friction coefficient and contact potential of tests conducted on coated and uncoated 080M40 at 540°C. Interestingly, friction coefficients of the uncoated samples were similar to tests carried out at 300°C, 0.39 ± 0.01. The Fe nano-particle coated surface, exhibited a similar initial dynamic friction coefficient to the uncoated material and a reduction as the test progressed, similar to the coated surface tested at 300°C. In contrast to the tests conducted at 300°C, no incubation period was observed for the increase in contact potential measurements, values increasing from 3mV to 4-9mV moments after the full test speed had been reached. This initial increase was followed by steady values for the remainder of the test, the coated sample exhibiting the highest contact potential compared to the uncoated specimens, suggesting a greater proportion of non-conducting oxide present on the surface. would vary with the depth of the wear tracks observed (i.e. a function of the surface roughness). The layer was composed of nano-crystallite grains but was poorly attached to the 080M40 surface. The substrate microstructure appeared deformed towards the direction of sliding, with elongated micron and sub-micron grains and a total depth of deformation (>4µm) greater than that observed at 300°C. A TEM lamella from the tribo-layer, Figure 13 a) and b) revealed a compact surface layer, with an increase in porosity further away from the contact surface.
Interestingly, the microstructure of the tribo-layer exhibited a grain refinement as the contact surface was approached such that the upper surface was itself deformed towards the sliding direction and exhibited nano- The depth profile through the accumulated material observed on the coated sample tested at room temperature, similar to that seen in Figure 5 a), showed that only the extreme upper surface had oxidised with a composition different to the bulk and that the majority of the tribo-layer was composed of a mixed layer which incorporated progressively less oxide as the bulk substrate was approached. The level of Al and P were slightly 14 higher at the contact surface, decreasing slightly to the bulk substrate composition within the mixed tribo-layer region.
SIMS depth profiling of the 300°C sample showed an interesting correlation in the trend between the oxygen and aluminium and phosphorus signals, both increasing to a maximum level just below the worn surface, before dropping off within the mixed layer region to bulk substrate values, similar to the room temperature depth profile behaviour at the substrate interface. The relative proportion of iron in the surface oxide layer was notable lower than in the mixed region, itself slightly higher than the bulk concentration.
Finally, the analysis conducted on the tribo-layer generated on the coated surface tested at 540°C, Figure 14 c), showed the presence of an oxide film with a mixed composition, the presence of aluminium and phosphorus being notably higher. A similar trend to the 300°C analysis was observed with the concentration of iron being higher next to the substrate interface, before decreasing to bulk composition values. It was interesting to note that both the surface oxide had increased in thickness with increasing temperature, as could be inferred from the electron micrographs, but also that the thickness of the mixed region of decreasing oxide concentration decreased with an increase in test temperature.
Discussion
Deposited Coatings
The Fe nano-particle coatings were evenly distributed over the ground 080M40 substrate surfaces, following the surface topography rather than filling in surface recesses, as is typical in line-of-sight PVD deposition processes. The black appearance of the coating would suggest that the upper layer had oxidised, perhaps to Fe 2 O 3 , upon removal of the coating to the atmosphere from the PVD coating chamber. The particles appeared to agglomerate slightly into clumps approximately 100nm in size and it was believed that this was the reason such a size distribution was observed in the cross sectional STEM images taken from the coated pin after sliding at 300°C, Figure 9 c) and d).
Room Temperature Tests
The static friction coefficient of tests at ambient conditions was similar, just below 0.2. The increase in dynamic friction coefficient to steady values after 100s represented the running-in period of wear which contributed to the initial formation of interfacial tribo-layers observed in the 3D surface profiles [1, 2] . There was no evidence from the friction or contact potential data for the test length investigated that the Fe nano-particle coated surface accelerated this formation, as had been reported in other studies, where the artificial introduction of oxide particles reduced the incubation time for a transition from severe to mild wear [6, 17, 18, 20] . Thus severe wear still was considered to be the dominant wear mechanism after 120 seconds sliding, consistent with the appraisal of Quinn's surfaces when sliding the same alloy at room temperature [3] . During Kato's work [19, 20] the transition from severe to mild wear took place after 30-40m sliding distance, although their methodology did 15 use a pin-on-disc geometry which would have required multiple passes to form a proportionally load bearing oxide film. It was interesting to note in that work and also shown here, that the oxide film formation appeared preferentially on the pin surface over the plate, at least for the uncoated surfaces. This was attributed to the pin surface being in continuous sliding contact, whilst the plate surface would only have experienced intermittent contact. The results from the 3D surface depth profiles in this work did however indicate that the coated surfaces had a higher propensity to retain wear debris particles and that the damage to the underlying substrate was minimal compared to the uncoated surfaces. It would be interesting to test such coatings for a longer length scale at room temperature to determine the tribo-film response and wear rates over extended periods of sliding contact.
Analysis of the raised tribo-layer showed that it was composed of a thin layer of oxidised nano-particles. The action of asperity contact had caused them to become agglomerated, compacted and able to trap wear debris within the contact geometry, thus allowing the formation of an intermediate tribo-layer between both pin and plate surfaces. Tribo-oxidation would then progress only at the real areas of contact [1] through asperity flash temperature heating. The black appearance of the oxide scale would infer an Fe 2 O 3 type structure. The thickness of the surface oxide layer was only of the order 500nm (estimated from SIMS analysis) and thus the oxidation and subsequent formation of the interfacial tribo-film was dependent solely on the asperity flash temperature rise, a further reason the transition point (from contact potential measurements) was not observed. This work is therefore in good agreement with numerous studies which show that when wear debris is retained with the contact, wear rates are generally lower [9, 10, [12] [13] [14] [15] 17, 22, 25] whilst conversely for contacts where wear debris is removed from the system, (either by a geometric configuration such that gravity ensures wear debris particles drop out or by mechanical removal with a brush or high pressure jet of air) wear rates increase significantly [22, 26] .
The original grinding marks, visible on the uncoated surfaces, were not easily discernable on the worn coated surfaces (except on the plate surface, outside of the contact area - Figure 4 d) ) with very little evidence of wear below the contact surface. Thus the Fe nano-particles assisted in the distribution of the contact load across the apparent area of contact, filled in the valleys of the ground surface (as observed by Iwabuchi [17, 18] ) in a similar manner to that observed for modern lubricants, where metallic nano-particle additions perform a similar role as 'pseudo-boundary lubricants' [27] [28] [29] . Material was still removed from the contact surface during the running in period (hence a similar friction coefficient to the uncoated surfaces) but this tended to be more a removal of the surface roughness peaks rather than the severe wear of material observed in the uncoated tests. The higher proportion of retained debris observed in the electron micrographs would then go on to form a protective oxide layer through oxidation by asperity flash temperature rises. This is one of the main differences between room and elevated temperature oxidation rates, as only the surface of the contact tribo-film was oxygen rich, the SIMS data suggesting a larger mixed debris layer existing underneath, next to the substrate.
300°C Tests
The lower average dynamic friction coefficient observed at both elevated temperature tests was considered to be a direct result of a more comprehensive oxide film formation and was consistent with similar elevated temperature tribology studies on this alloy [3] . The substrate material may also have been an influence as 080M40
is not noted for its high temperature properties and thus a 30 minute dwell at elevated temperatures may have tempered the microstructure [24] .
The formation of a protective oxide film, signalling the transition from a severe to mild wear regime, was initially observed at 300°C for the coated samples, suggesting again that the nano particles aided the nucleation of an oxide tribo-layer faster than an uncoated surface, which has to go through the mechanism of generating and deforming wear debris from the substrate to the nano-scale [10, 12, 14, 25] . For the uncoated sample this resulted in material loss from the contact area until a sufficient amount of wear debris had nucleated the formation of a comprehensive oxide film. Despite the coated surface initiating a more rapid formation of an oxide layer, the contact potential measurements showed this was not sustained, unlike the uncoated surfaces which all showed a steady increase towards the end of the test. This can be explained by the apparent increase in the real area of contact, observed in Figure 7 d), which would have resulted in a lower contact potential because of the increase in number of asperity contacts, but which would simultaneously allowed the ongoing formation of the intermediate oxide tribo-layer.
The SIMS depth profiling of the tribo-layer at this temperature further provided evidence of the surface oxide layer formation, confirming the composition to be a mixture of elements from the bulk material, a classic example of protective oxide film formation [11] . The reason that the peak of the oxygen signal was observed below the worn surface was attributed to the pin and plate samples being separated from within an oxide film layer, rather than at the contact surface itself, where the peak would be expected due to higher asperity flash temperatures.
Interestingly, the concentration of Fe was observed to increase within the mixed layer region before again decreasing to bulk values, a reflection of the presence of the Fe nano-particle interfacial layer between the surface oxide species and the substrate material, as observed in the STEM images.
The volume of material removed from the uncoated sample surfaces was similar to that retained as a surface tribo-film, whereas the coated surface had a much smaller volume removed from the substrate, but a higher retention of material as a tribo-film. This can be explained by two factors: when metallic debris undergoes oxidation there is an associated volume expansion due to the lower density of iron oxide species compared to iron, but also because, as shown in this and other works [30] [31] [32] , the surface oxide film generated as a result of tribooxidation is a somewhat porous structure. The material in the tribo-contact was not all metallic debris of the same density as the substrate but tribo-oxidation products, as proved by the contact potential and SIMS data. Taking into account this volume expansion, material from the uncoated surfaces must have been lost from the contact area, else the volume retained would be similar to that seen for the coated sample. The low wear rates of the coated specimens again reflect that material worn from the substrate was retained and re-worked, possibly into wear scars, such that the surface of the coated samples appeared with minimal wear volume losses. The confinement of the majority of wear in the uncoated samples to discreet areas near the edge of the pin was further evidence of a more severe wear period, in contrast to the much smoother coated samples, Figure 7 c) and d), which exhibited evidence of a much larger real contact area that would have reduced the local contact stresses. In this case as at room temperature, the Fe nano-particles facilitated the smoothing of the surface roughness of the initial contact surfaces, but crucially allowed the wear debris and tribo-layer to bond to the contact surface and remain within the tribo-contact, again effectively protecting it from severe wear, as observed in the STEM images of Figure 9 .
540°C Tests
Tests conducted at 540°C were very similar is their friction behaviour compared to tests at 300°C, for the same reasons as outlined previously, with the coated sample again exhibiting a slightly lower friction coefficient.
Wear of the substrate material was minimal as the surface had pre-oxidised during heating (contact potential measurements of 3mV compared to 0.3-1.6mV for 300°C test and 0.5mV for room temperature tests) and the transition from severe to mild wear was almost immediate upon sliding, confirmed by constant contact potential measurements established a couple of seconds after the test had attained the running speed. Such behaviour was in agreement with Quinn's experiments at 500°C with EN8 material in like on like contact, exhibiting only a mild oxidational wear behaviour [3] . The volume of material measured above the worn surface was again greatest for the coated sample surface, although, despite showing a large scatter in results from the uncoated surfaces, the difference was much smaller compared to tests carried out at lower temperatures. In this case, the oxidation of all test surfaces prior to sliding was responsible for the large volume of material retained above the original contact surface, shielding the substrate from severe wear by adhesion or ploughing.
As expected, the oxide tribo-layer was much thicker compared to tests at lower temperatures with evidence of its load bearing capacity shown in Figure 13 , where grain sizes progressively decreased as the surface was approached from the bulk, and aspect ratios increased towards the asperity sliding direction [33] . The formation of a compact oxide tribo-layer on top of a more porous debris structure demonstrates classic 'glaze' layer formation, although the term may not be universally applied to the present work as such layers are often associated with a significant reduction in friction [30] [31] [32] [33] . An increased depth of deformation of the substrate was also noted, with the absence of large pearlite and ferrite grains observed at 300°C, rather a surface deformed layer aligned towards the individual asperity sliding direction, again as a result of tempering due to the elevated temperature.
Detachment of the oxide film from the substrate in accordance with the theory of oxidational wear was also observed [1] , where detachment of oxide plateaux occurs at a critical thickness, although it was hard to determine whether this was also due to the contact surfaces being separated after cooling due to different thermal expansion coefficients.
SIMS depth profile results for the 540°C test correlated well with the SEM results in terms of the thickness of the oxide film being greatest for the highest temperature test, as expected. The chemical composition indicated that the film was richer in aluminium and phosphorus compared to tests at lower temperature, indicating that bulk diffusion of elements from the substrate occurred. A thinner mixed layer thickness was also indicative of the diffusion of oxygen in the opposite direction, resulting in a more complete reaction with the tribo-layer species.
Although stoichiometry could not be determined by the methods described here, for elevated temperature tests the formation of Fe 3 O 4 was inferred from the reddish nature of the test surfaces, although this may have been a mix of Fe 2 O 3 and FeO in the 540°C test as the latter forms just above, at 570°C. Further work is required to correlate the SIMS results to the crystallographic structure of the surface oxide.
At 540°C there was little evidence of the presence of the original Fe nano-particles, although given the high surface area of such small dimensions, it would be expected that oxidation had progressed rapidly at this temperature. However, the concentration of Fe was slightly higher at the substrate/tribo-layer interface, therefore it is postulated that the particles may have assisted in the adhesion of the static oxide layer which formed during the test dwell period at 540°C and this then contributed to the higher volume of oxide tribo-layer observed on the worn surface for the coated specimen, although static scratch tests would have to be carried out to determine this hypothesis in future work.
Summary and Conclusions
Room and high temperature testing of Fe nano-particle coatings showed that they could potentially be used for countering severe wear during the running-in period of initial sliding of metallic components, perhaps in the aerospace, automotive and energy sectors. Indeed, iron oxide spray coatings are already utilised as wear resistant coatings for cylinder liners in the automotive industry [34] . The incorporation of a sacrificial metal nano-particle coated layer which promotes fast establishment of a mild wear regime upon running-in, perhaps complimented with advanced nano-particle additive containing lubricants [27] [28] [29] , could have an important contribution to make to the control of tribology during the initial and most critical period of component running-in sliding wear. The main conclusions of this work are summarised below:
Fe nano-particles were successfully deposited to a thickness of 600nm using a terminated gas condensation PVD process on an 080M40 substrate and used as tribological coatings at room and elevated temperatures.
The coatings increased the propensity for the formation of a protective oxide tribo-layer composed of Fe nano-particles and material removed from the steel substrate, at ambient and elevated temperatures, above the plane of the original contacting surfaces. Fe nano-particle coatings provided a seed layer upon which protective oxide tribo-layers could form on metallic substrates, filling surface recesses and promoting a transition to a mild wear regime.
The protective oxide tribo-layer increased in thickness with temperature and had a mixed composition of elements from the bulk substrate material.
Although coated surfaces promoted a transition from a severe to mild oxidational wear mechanism, temperatures ambient and flash temperature in the contact appeared too low to promote sintering and therefore formation of a low friction oxide 'glaze' layer.
This work has shown the feasibility of using nano-particle deposited coatings to improve the running in wear behaviour of metallic engineering substrates and promote the transition from severe to mild wear without significant damage to the contacting surface. Further work is required in order to optimise the 19 coating chemistry to achieve a favourable 'glaze' structure and also to improve coating adhesion for robust engineering applications.
